Crawling cells exhibit a variety of cell shape dynamics ranging from complex ruffling and bubbling to oscillatory protrusion and retraction. Periodic shape changes during cell migration are recorded in fast moving fish epithelial keratocytes where sticking and slipping at opposite sides of the cell's broad trailing edge generate bipedal locomotion. Barnhart et al. recently proposed a mechanical spring model specifically designed to capture bipedal locomotion in these cells. We extend their model by benchmarking the dynamics of four mechanical configurations against those of crawling keratocytes. Our analysis shows that elastic coupling to the cell nucleus is necessary to generate its lateral motion. We select one configuration to study the effects of cell elasticity, size, and aspect ratio on crawling dynamics. This configuration predicts that shape dynamics are highly dependent on the lamellipodial elasticity, but less sensitive to elasticity at the trailing edge. The model predicts a wide range of dynamics seen in actual crawling keratocytes, including coherent bipedal, coherent non-bipedal, and decoherent motions. This work highlights how the dynamical behaviour of crawling cells can be derived from mechanical properties through which biochemical factors may operate to regulate cellular locomotion.
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The trailing edge element experiences two types of drag 111 forces, adhesion (sticking) and viscous shear (slipping).
112
Adhesion occurs due to stochastic binding and unbind- 
(2) Here, sticking occurs whenẋ 2 < v 1 (stick domain) due eter, g, the physical meaning of which is fully discussed 157 in Ref. [24] . Including this g-factor, the equations of 158 motion for the one dimensional model are
where The trailing edge, x2, is elastically coupled to the leading edge by a spring of elasticity K and rest-length L0 representing cytoskeletal elasticity and extension, respectively. A stick-slip drag force underneath the trailing edge is modelled by many small springs with average spring constant κ. (b) Drag forcevelocity curve. At low trailing edge velocity,ẋ2 < v1 (stick domain), drag force is generated by adhesion complexes forming between the cell membrane and substrate. To good approximation, such adhesion generated drag force scales linearly with velocity characterized by drag coefficient, β. At high trailing edge velocity,ẋ2 > v2 (slip domain), adhesion complexes no longer form. The drag force in this domain is purely viscous in nature and characterized by the relatively small linear drag coefficient, α (α ≪ β). At intermediate velocities, v1 <ẋ2 < v2 (transition domain), drag force is generated by a mixture of the sticking and slipping mechanisms. The overall drag-velocity curve is continuous in all domains. (c) Cell length-velocity phase space trajectories with and without the inertia term, g. Data points are separated by a constant time step equal to one fiftieth of the limit cycle period (T /50). Therefore, rapid changes in velocity and cell length are noted by relatively large distances between consecutive data points. axis perpendicular to forward motion (x-axis). 
where S is the cross section area and d is the spring 
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The viability of this model was tested using spring con- We measured nucleus lateral displacement to be the dis- of all four configurations are discussed at length in the 314 supplemental material (see Fig. S3 ). Config. 4 is shown in Fig. 3(b) . Cell length and nucleus eters (see Fig. 2 ).
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The results of this analysis are shown as cases 1 and Amplitude maps can be interpreted in conjunction with the corresponding phase diagrams beneath in (c). The dynamical response of the system is categorized into three behaviours: bipedal, periodic, and irregular. Bipedal regions includes both realistic and other bipedal locomotion. Both periodic and bipedal regions correspond to coherent gliding-like keratocytes, whereas irregular dynamics with anomalously large amplitudes may correspond to decoherent cells. The white region (case 1) indicates solutions where the cell fails to maintain a reasonable shape.
we find that coupling to a central element is required TABLE I . List of parameters used for the two dimensional model. Parameter ranges correspond to experimentally observed cell velocity, elasticity, etc. as determined by estimation or measurements reported in previous work. Each parameter range is justified by the references given here, except for rod length R, which we scale with the width of the cell's perceived leading edge. Some spring constants are not applicable depending on which configuration is used. Here, spring lengths were selected to permit proper cell shape.
